ABSTRACT The orientation and temperature dependence (4.2-2.5 K) of electron paramagnetic resonance (EPR) power saturation and spin-lattice relaxation rate, and the orientation dependence of signal linewidth, were measured in single crystals of the aquo complex of ferric sperm whale skeletal muscle myoglobin. The spin-packet linewidth was found to be temperature independent and to vary by a factor of seven within the heme plane. An analysis is presented which enables one to arrive at (a) hyperfine component linewidths and, from the in-plane angular variation of the latter, at (b) the widths of distributions in energy differences between low-lying electronic levels and (c) the angular spread in the in-plane principal g-directions. 
INTRODUCTION
Spectroscopic and relaxation measurements are providing not only energy level differences but, with appropriate experimental conditions and analysis, also widths of levels at the high-spin ferric site in myoglobin crystals (1, 2) and solutions (1, (3) (4) (5) (6) . In terms of the data available at this time, the four-level model (7) (8) (9) , shown in Fig. 1 , is adequate to characterize the high-spin ferric heme sites in myoglobin and hemoglobin. We report here how the orientation dependence of the linewidth of electron resonances from the heme plane of the crystals can be analyzed to obtain: a, and a2, the rms widths of energy differences Al and A2, respectively; o, the rms width of the rhombic splitting y; and a,,, the rms angular spread in the principal x(or 2)-direction.' Methods 'Here, the order of the g-values follows the convention g, > g2 > g3 (corresponding to the order in which resonances occur as the field is increased). Taking the principal axis belonging to g3 to be the z-direction, one finds that the assignment of the x-and y-directions to the 2-and 1-principal axes orders the quantum mechanically calculated [with S2 -SX, -A(S+ + S5) and L2 LX 'h(L+ + L_)] values g, > g2-frozen solution electron paramagnetic resonance (EPR) spectra (10, 11) , one can obtain (E/D, the rms width of the distribution in the rhombic to tetragonal symmetry ratio E/D. (E/D can then be used to estimate a. Taken together, the data and analysis presented in Sections II, III, VI, and VII, below, enable one to compare the crystal and solution states of myoglobin with regard to energy level distributions at the heme site.
The phenomena just outlined are associated with inhomogeneous broadening. We are also investigating anisotropies in homogeneous broadening by means of measurements of the orientation and temperature dependence of spin-lattice relaxation time, T1, and microwave power, P,,,, at the maximum EPR (first derivative) signal, in the crystal. A very large anisotropy in power saturation was found in solutions of high-spin ferric hemeproteins at 4.2 K, and an explanation was offered in terms of the product of anisotropies of transition probability, spin-lattice relaxation, and spin-packet linewidth (12) . The results of the single crystal saturation/recovery study reported in Section V, below, enable one to comment quantitatively upon the temperature and orientation dependences of T,, P,,., the zero-field splitting parameter D, and the spin-packet linewidth a.
Angular variation of the observed EPR linewidth in crystals of hemoglobin and myoglobin can be explained in terms of distributions in the directions and magnitudes of the principal g-values (13) (14) (15) . A random misorientation of the heme normals, with a Gaussian distribution having muscle myoglobin crystals (13) . Employing a refinement of the latter analysis, specifically Fig. 4 The solid line is the calculated angular part of the transition probability, iy, in units of (B/h).2 X-band (9.3 GHz) (1) , and 250% at Q-band (37 GHz) (13) . Helcke et al. noted that an improbably large (as lattice disorder) spread in orientation of ge-directions within the heme plane is required to explain the Q-band data, and were of the opinion that a directional spread alone is insufficient to account for the in-plane linewidth variation (13) . Calvo and Bemski showed that such variation could be explained on the basis of independently fluctuating principal directions and values of the zerofield splitting tensor (14) . However, because the principal values depend in part upon the same crystal field energies, there is some correlation in the fluctuations. Therefore, in the treatment of Section III below, we formulate the microwave frequency-dependent in-plane linewidth orientation dependence in terms of fluctuations in energy differences and principal x-direction of the four-level center, including concomitant distribution in quartet state mixing (1, 2) . At the end of Section III the frequencyindependent contributions to the linewidth orientation dependence are treated.
A list of symbol definitions is provided in the glossary below to help the reader keep track of the notation. Fig. 1) energy difference between the 4E and 6Al levels ( Fig. 1) energy difference between the rhombically split 4E levels, (Fig. 1 
The analysis of Scholes has been extended by Fiamingo (1) to include small high-order corrections arising from spin-orbit mixing of the excited quartet states into the lowest Kramers doublet. With the matrix elements from, e.g., Table 6 .5 of Weissbluth (18) , one finds for the lowest doublet
The resulting in-plane g-values are (4) When E = 0, g, and g2 reduce to the axial gtjff of Eisenberger and Pershan (19) for 'y' = -1. (6) where (&qj) and orientation (a+) parameters. Because ,BN iS obtained from the data, the mean square fluctuations are related experimentally through, e.g., the formula for tan N. It is therefore possible to express (34)2) in terms of the (67), as follows: (27) where
Ill. FORMULATION OF EFFECTS OF ENERGY
In terms of P, the positive root of N2 is 
(32) (33) g-values are isotropic, the ferric tensor is highly anisotropic. However, for the geometry under consideration, the effect of this anisotropy is small; the heme normals in the sperm whale myoglobin crystal are at 430 and, as B is rotated around the heme plane of one site, g at the other site ranges from 4.5 to 5.9 (i.e., 5.2 ± 13%). To a good approximation, then, the sum of the frequency-independent contributions to the mean square linewidth is ( 6BO2) =A + Bcos2(0-kB) + (23, 24) and from x-ray diffraction (25) . The orientations of other crystals used in our experiments may differ from this one by a few degrees due to misalignment of the crystals relative to the laboratory reference. A survey of the orientation dependence of spin-lattice relaxation and power saturation was carried out. In the from the value 7.9(3) cm-' obtained in experiments of greater precision designed for characterizing energy level distributions in hemeprotein solutions [4] [5] [6] ). The constancy of the TIP. product indicates that the spin-packet linewidth a is independent of the temperature in this range. It has been shown that a o y'T1P., where y ' y is the angular part of the transition probability (12) . This term depends upon the orientations of the scanning field B and the microwave field B, (taken perpendicular to B) with respect to the principal g-directions, and reduces to (39) for a frozen solution. (P. is proportional to B1 at maximum signal.) Then the ratio of spin-packet linewidths perpendicular and parallel to the heme normal is = [(g1 + gl)/2g2LJ(T1P)1/(T1P)1. (40) We find ja/al = 2.26 for the frozen solution of the aquo complex of ferric sperm whale skeletal myoglobin.
The temperature dependences of T1 and P. were measured on two crystals, with B along the heme normal and at three orientations within the heme plane. Table 2b gives average values of D estimated from this data. (The overall average, 8.0 cm-', of these D-values weighted according to number of orientations, differs little from the 7.9(3) value from precise solution measurements.) At each orientation, the product TIP. was found to be independent of temperature and the D-values from the temperature dependences of T1 and P. were found to be the same, within experimental uncertainty. This behavior is shown in Fig. 3 which displays data taken at an orientation in the heme plane where g = 5.94. Measurements, at constant temperature, taken at 100 increments between the heme normal and the heme plane, and around the heme plane, show that T1 varies by a maximum factor of 5 between the g = 2 and g = 6 directions, and by a factor of 3 within the heme plane. (In view of the large differences in concentration of protein between the solutions and crystals, it is interesting to note that, at a given temperature, the crystal heme plane average T, differs from the g = 6 solution value by only -15%.) T1 is a maximum in the heme plane along the N1-N2 (numbering scheme is that of Takano [25] ) direction, as is %2P., so that a, also peaks along this direction. A theoretical analysis predicted that the spin-packet linewidth would be at a maximum within the heme plane halfway between the Fe-N bond directions (26) . We observe this along the N1-N2 direction. Along the N2-N3 direction the microwave magnetic field was nearly parallel to the scanning field, resulting in a low transition probability and very noisy data. However, there did not appear to be a maximum here for the spin-packet linewidth. jal/a varied from 0.9 to 6.6 within the heme plane.
The observed peak-to-trough resonance linewidth LWPT (at low power) is a maximum along the Fe-N bond directions, and a minimum halfway in between (along the maximum spin-packet linewidth orientation). The minimum in-plane g-value is within a few degrees of the x-ray diffraction-determined projection of the histidine ring is shown (25) , as are extrema directions from the EPR data. LW is the observed peak-to-trough linewidth, and a, the maximum spin-packet linewidth, within the heme plane. The C,-C, projection is 190 from the N4-N2 direction (25) . g2 was found to be 14.50 from the N4-N2 onto the heme plane (25) . These relations are illustrated in Fig. 4 .
VI. HYPERFINE COMPONENT LINEWIDTH VARIATION
While the individual nitrogen hyperfine bands are not resolved at any orientation, the linewidths of these components can be obtained from simulations of the observed spectra (15) . In this calculation, the values used for the Fermi contact terms are AH = 2.65 x 10-4 cm-' for the nitrogens of the heme plane, and A, = 3.11 x 10-4 cm-1
for the iron-linked imidazole nitrogen of the proximal histidine, information available from single crystal ENDOR measurements (27) . The 
A = 8.4 G is somewhat greater than one expects for a system like this (28) . However A, which is calculated as the difference between numbers which differ from each other only by a factor of 2 and. which separately have experimental errors of 10%, is uncertain to ± 30%.
The values of L, M, and N can be used to constrain the rms widths a,, a2, and a,, of the energy differences Al, A2, = 57.5 cm-' (42) We then find, from solving the system of three equations given in the preceding section, the parameters given in Table 4 . Solutions exist only for p in the range shown, from 106 to 130 cm-'/rad. It is not realistic to permit a2 < a,; more vibrational modes affect2 the energy difference A2 than A, (3). If one conservatively defines an effective minimum aj)nl,,,,ff from the case where U2 = 0l = al)min,eff, then the parameters are r1)i,n,eff = 221 cm-' and ay = 35.1 cm-l with p = 107 cm-'/rad. Apart from this consideration, the allowed ranges are 220 cm-' < a < 300 cm-' 0 < a2 < 990 cm1 0 cm-r' < y < 36 cm-' 0.33 rad (190) <a0 < 0.37 rad (210) 106 cm-'/rad < p < 130 cm-'/rad. (43) 2We assume here that the spread in energy (associated with a frozen in protein conformational distribution) of a particular heme state depends upon the number of normal modes which affect the energy of that state. (1, 3, 4, 6) , is a Uytotal. From the analysis of the single crystal measurements, one obtains concomitantly a., = a,total (p); the minimum and maximum values of ao,C, occur in conjunction with the parameters given in Table 5 . The allowed range of a,, is seen to be between 43 and 53 cm-'. Clearly a,totl is significantly smaller for the protein in the crystal than in solution.
In the aquo complex of myoglobin, interaction of the ferric ion with the imidazole of the proximal histidine is likely to influence the in-plane principal g-directions. If distribution in orientation of this imidazole ring is associated with the spread in k of =200, then the question arises as to the compatibility of such a structural distribution with resolution of the structure from x-ray diffraction. An rms 200 rotation of the imidazole plane about the N(c)-Fe bond corresponds to an average mean square displacement of -0.1 A2 at the other ring atoms, consistent with resolution of the side chain. However, one need not attribute ,, solely to distributions in orientation of neighboring groups; for example, deviations in length of the F alpha helix (29) could modulate the interaction (of the proximal histidine with the ferric ion) which influences the principal g-directions. Also, one should recall that angular distributions obtained from measurements like those on single crystals reported here include effects of lattice disorder as well as molecular structural heterogeneity.
The constancy of the TIP. product over the temperature range in which ln (1/ T1) and ln (Pms) are approximately linear functions of 1/ T indicates that, for the aquo complex of ferric myoglobin, the spin-packet linewidth a is independent of temperature in this range. Therefore, determination of the temperature dependence of P., a continuous wave measurement, may enable one to approximate the zero-field splitting parameter D in 
